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' ported previously" 5 ’" 7 that the 670,000 proteasome complex (previously 

called macroxyproteinase or MOP in our laboratory) is largely respon sible 
for the degradation qf oxidatively modified proteins in red blood cells, 
and, in our experimental model, it enhanced the release Of dityrosine. 
Therefore, dityrosine release can be used, as a marker for the selective 
proteolysis of oxidatively modified proteins, 19 ’ 211 

. 45 R, Pacific!, f>. C. Sato, and K. J. A. L>a v ics, Free Radical Rial. Med. 7, 521 (I9S9). 

* D. C, Salu. R. Pacific!, S. Lin, C. Giulivi, and JK I. A, Davies, J, Biol, Cksm. 2RS, 

11919 

*' R. E. Pacific! and K, J, A, Davies, this series, Yol. IS6, p. 485, 


[40] Quantitation of 4-Hydroxynonenal Protein Adducts 
By Ron Uchioa and Earl R. StaUTMak 


Introduction. 

Lipid peroxidation has been associated with important pathophysiolog¬ 
ical events in a variety of diseases, drug toxicides, and traumatic or 
ischemic injuries. It has been postulated that free radicals and aldehydes 
generated during the process may be responsible for these effects because 
of their ability to damage cellular membrane, protein, and DNA. Studies 
have shown that the cytotoxicity of products of lipid peroxidation is due 
in part to the formation of a,/3-unsaturated aldehydes, especially 
4-hydroxy-Z-aikenaIs. 1 ’* 4-Hydroxy-2-aikenats elicit a variety of cyto- 
paihological effects including inactivation of enzymes, 1 lysis of erythro¬ 
cytes, 2 ehemotactic activity toward neutrophils, 3 and inhibition of protein 
and DNA synthesis." Among the aldehydes formed, 4-hydroxynonenat is 
the major product of lipid peroxidation, and it has been suggested to play 
a major role in liver toxicity associated with lipid peroxidation.'- 5 ’ 7 

1 E, SshauenatcinanU H. Esterbaner, a* “Submoleeular Biology of Cancer." CibaFounda- 
rinn Scries f>7, P- 225. Excerpla Medica/Etsevifci’. Amsterdam, 1979. 

1 A, BencdeLli, M. Comport), atid H, Bslerbauer, BiocftIrri. m Bloptrys ■ Avia 620, 281 (t960), 
5 M, Curio, H. Eftefbauer, C. D. Mau in. G, Cecchini, and M, LF. Dianaani, Binl. Ciiem. 
ffappv-Seyter 3G7, 321 (I9gfi), 

4 H. Est 2 rbautr, H, ZolinsT, and J. Lang, Biachem. J. 228, 3S3 (1985). 

5 A. BencdeUi, H. Kstcrbsuer, M. Fcnraii, R- Fulccri, and M, Comporti. Biochim- Biophys. 
Aaa 711, 345 (1982). 

4 H. Estcrbttucr, K. H, Chcsfif-man, M. U- Dianzini, Pn'L and ’I', F- Slater. Biodiem. 
J. ZOS, 129(1982). 

OapyrijUtt » |?94by Academic P'rcss, luti. 
METHODS IN EN3.YMOr.OGY* VOL, All nohU of reproduction in any form lewWYwi. 
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It is generally accepted that 4-hydroxy-2-aIkenaIs exert these effects 
because of their facile reactivity toward molecules with sulfhydry] 
groups.* -10 The <x,/3-double bond of 4-hydroxy-Z-a.lkenals reacts with sulf¬ 
hydryl groups to form thioether adducts via a Michael-type addition. 
Whereas it was generally accepted that the aldehyde moiety of 
4-hydroxyitonenai and other 2-alkenals reacts wilh primary amino groups 
to form or,/i-unsamrated aldimincs,' 1,12 it is now evident that the e-amino 
group of lysine residues in proteins may also undergo Michael addition 
reactions with the o:,/?-doubIc bond of 4-hydroxynooenal to form second¬ 
ary amines possessing an aldehyde group. 13 Furthermore, the imidazole 
groups of histidine residues in proteins also undergo Michael addition 
type reactions. 14 Accordingly, it is not surprising that the modification of 
low-density lipoprotein (.LlhL) ls - w! and several other proteins 17 by 
4-hydraxynoncnal is associated with a significant loss of lysine and histi¬ 
dine residues. It is thus important to establish the procedures to detecL 
proteins derived from covalent attachment of 4-hydroxynoneual to amino 
acid side chains in order to understand the mechanism of a large number 
of biological effects induced by 4-hydroxynotienal. 


Quantitation of 4-HydroxynonensI Protein Thioether Adducts 

Taking advantage of the fact that Raney nickel catalyzes cleavage of 
thioether bonds, 18 " 51 a procedure has been developed 22 by which lipid- 
derived protein carbonyl derivatives can be distinguished from protein 


T A, BcnedelLi, A. Ps>rnpella, R. fiilceii, A. Romani, an! M. Comport!, Diachim. Biophys , 
Acta wu>, ssn assfi), 

5 E. Schaucnsicin, M. ’I>ufer, H, Esterbauer, A. (Cylianek, and T. Sesiich, Monatsh. Cheat. 
102, 571 (1971). 

7 H. Esterbaucr, H. ZollncL, and N, Sullolz, Z, Natusforseh. 30C, 466 (1975). 
ia H, Eslcrbauer, A. Ertl, and N- Soholz, Tetrahedron 32, 785 (J976). 

11 K. Suyarna, A. TacMbtuia. and S. Adachi, Agric, Biol. Chem- 43, 9 (1979). 

H. Esierbauer, K- I. Sebaur, and I-I. Zollncr, Free Radical Biol. Med. XI, SI (1991), 

17 L. 1. Szwcda, K. Uchirfa. L. Tad, and E. R. Stadtman, J. Biol. Chem. 268, 3342 (1993). 

R. uikids qhH E. I, Mtmin, frur. fi'rirf. rtcccfi ffcii {/uMi f?i 4344 \ 1902 j- 

15 CJ. Jurgens, J. Lang, and H. EstcrbauCr, Biochim. Biophys. Acta 875, 103 (1986). 
iS K. Uchida and E. R. Stndtman, FAStiB J. 6, A371 (1992), 

17 K. Ifahida and E. R. Sradcmaii. J , Biol. Chcm. 248, 6388 (1993). 

18 M. H. ScaffBi' and C, K■ Stark, ffiuvhcm. Biophys. Res. Commun. 71, 1040 (1976)- 

n C. C, Farnsworth, S. L, Wolda. M, H. Gtlb, and J. A. Glomsct, J. Biol, Chem. 264, 
20422 (1989). 

^M. C. Rilling, E. breung^r, W, W. Epstein, “nd P. F. Crain, Science 247, 318 (1990). 

31 C, C, gamswrih, M. H. Cclb, and ), A- C-Iomset, Science 247, 320 (J990). 

31 K. Uchida and E. R. SladUran. Froc. Natl. Acad. Sd. U.S.A, 89, 5611 (1992). 
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Protein-SH r-'O 

R-CH{OH).CH=CH-CHa-—— H-CH(OH)-CH-CH 2 -CHO rts: R-CH-CH-i 


•CH;-CH-OH 


5 
1 . 

Prgt^in 


$ 

i 

Protein 


Raney Ni 

-RCH(0H}-CH-CH 2 - a HGH-OH-► R-CH(OH)CH 2 -CH s - a HCH-OH 

s 

I 

Protein 

FIG. 1- Experimental scheme ro determine 4-hydru:iynGiit?ntU covalently attached to 
protein sulfhydryl groups by means of a thioether linkage. R is CH/CH^—. 


carbonyl derivatives generated by other reactions including metsl-cata- 
lyy.cd oxidation and glycation reactions. 15 The strategy used is illustrated 
in Fig- I. In this procedure the aldehyde moiety of the 4-hydroxynonenal 
thioether adduct is reduced tb the corresponding 3 H-labelcd dihydi'Oxyal- 
kane by treatment with MaB a H 4 . The 3 H-labcled dihydroxyalkaae is then 
released from the protein by cleavage (desulfurization) of the thioether 
bond by means of Raney nickel catalysis. The free 3 H-labeled dihydroxyal- 
kane is then separated from the reaction mixture by extraction With an 
organic solvent and is quantitated by radioactivity measurement. 

This method can be used to measure the amount of 4-hydroxynoncnal 
that is conjugated to proteins by a thioether linkage only, ft cannot be 
used to measure that fraction of 4-h ydroxy npnenal that is bound to proteins 
via both a thioether linkage and also by a Schiff base linkage, as would 
occur if the aldehyde moiety of the primary Michael addition product 
(thioether) undergoes a secondary reaction, with the free amino group of ; 

lysine residues in the same or a different protein subunit- On reduction 
with NaB 3 H^, the Schiff base would be converted to a stable 3 II-labeled 
secondary amine. Subsequent treatment of the complex with Raney nickel 
will lead to cleavage of the thioether linkage, but the derivatized 
4-hydroxynonenal would still be tethered to the protein via the secondary 
amine linkage and would therefore not be extractable by organic solvents, 

Reostems and Equipment 

4-Hydroxy npnenal: A stock solution of rranj-4-hydroxy-2-nonenal 
is prepared by acid treatment (1 mAf HC1) of 4-hydroxynonenal 

a E- R. Stadtman, Biochemistry Z9, 6323 (1991). 
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diethylacetal and stored at -20°. The concentration of 
4-hydroxynoncnal stock solution is determined from the molar ex¬ 
tinction coefficient of 4-hydroxynonenaI at 224 nm (e = 13,750). 
The purity of the stock solution should be checked by HPLC prior 
to the experiment. 

NuB 3 fI 4 , 100 mAf, in NaOH, specific activity about 100 mCi/mmol; 
Add the required volumes of 1 M NaBH* and 0.1 N NaOH to the 
NaB 3 H, and store at —20°. 

Guanidine hydrochloride, 8 M, with 13 mM EDTA and 133 mA f Tris, 
adjusted to pH 7.2 with HC1 

Raney nickel-activated catalyst: Rinse thoroughly with water and 
ethanol prior to use. Avoid complete drying since Raney picket 
is inflammable. 

High-performance liquid chromatography (HPLC): Reversed-phase 
HPLC is performed on a Hewlett-Packard (Palo Alto, CA) Model 
1Q90 chromatograph equipped with a Hewlett-Packard Model 
1040A diode array UV detector. 

Preparation of 3 H-Lakeled 4-Hydroxynonenal Adducts of 
N-A cetylcysteine and Glutathione 

To prepare standard samples of the 4-hydroxynonenaI—protein adduct, 
2 m.W JV-acetyleysieine or glutathione is incubated with 2 mAf 
4-hydroxynonenaI in 1 ml of 50 mM sodium phosphate buffer (pH 7.2) at 
37° for 2 hr. Formation of 4-hydroxynonenaI—hl-acetylcysteine and 
4-hydroxynonenal-giutathione adducts can be followed by reversed- 
phase HPLC on an Apex Octadecyl 5U column (Jones Chromatography, 
Lakewood, CO): the adducts are eluted at 1 ml/min with a linear gradient 
of 0-100% (v/v) acetonitrile in 0.05% trifluoroacetic acid for 25 min. The 
elution profiles are monitored by the absorbance at 210 am. Under these 
chromatographic conditions, the 4-hydroxynonenal-iV-acetylcysteine and 
4-hydruxynanenal-glutathione adducts are eluted at 10.7 and 11.0 min, 

respectively 

Take an aliquot (40(1 /xl) of the reaction mixture and add Id mAf EDTA 
<40 pl)/I M NaOH (40 plj/IOO mAf NaB J H 4 (40 yrf) to a 1.5-tnl Sarstedt 
tube fitted with 0 ring and a cap. After incubation for 1 hr at 37°, terminate 
the reaction by adding 200 p\ of 1 .V HCI, allow to stand 5 min in the 
hood, and then load the mixture on a Sep-Pak Ci 8 cartridge: elute with 5 mi 
water followed by 5 ml of methanol. Concentrate the methanol fraction in 
a vacuum centrifuge (Savant Instruments, Inc., Farmmgdale, NY), redis¬ 
solve in 200 p.1 of methanol, and subject to reversed-phase HPLC to purify 
the ’FI-labeled adducts. Collect the eluted fractions in I-ml aliquots and 
monitor the amount of’H in each fraction by scintillation counting. Collect 
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the fractions that contain the -Tf-labeled products, concentrate, and then 
redissolve the adducts in 50 mil sodium phosphate buffer (pH 7.2). This 
solution should be stored at —20°. 

Preparation of J H-Labeled 4-Hydroxynonenal-Modified Proteins 

Incubate 1 mg protein with 2 mM 4-hydrcxynonenal in 1 ml of 50 mM 
sodium phosphate buffer (pH 7.2 } to prepare 4-hydroxynonenal-modified 
proteins. After incubation for 2 hr at 37°, take an aliquot (400 p.I) of 
4-hydroxynonenal-modified protein and add an equal volume of 20% tri¬ 
chloroacetic acid (w/v, final concentration). Centrifuge the tubes in a 
tabletop microcenlrifuge at 11,000 g for 3 min at room temperature and 
discard the supernatant. Dissolve the precipitate with 400 pi of 8 M guani¬ 
dine hydrochloride/13 mM EDTA/1.33 mM Tris (pH 7.2) and treat with 
0.1 M EDTA (40 pi)/1 N NaOH (40 pl)/0.l M NaB-H a (40 pi) in a 1.5- 
ml Sarstedt tube fitted with O ring and a cap. After incubation for I hr at 
37°, add 1 N HCI (100 pi) to terminate the reaction and then apply to the 
PD-10 column (Sephadex G-25, Pharmacia, Uppsala, Sweden), equili¬ 
brated in 6 M guanidine hydrochloride, in order to separate protein-bound 
counts from free radioactivity. Collect every 500 p\ and determine protein 
recovery by spectrophotometry and radioactivity by liquid scintillation 
counting. 

Raney Nickel Desulfurization 

Take an aliquot (50 pi) of the 3 H-Iabeled 4-hydrpxynonenal-iV-aeetyl- 
cyxteine adduct, 4-hydroxynonenal-glutathione adduct, or 4-hydroxy¬ 
nonenal-modified proteins prepared above and mix with 400 mg of Raney 
nickel and 300 pA of 8 M guanidine hydrochloride/13 mM EDTA/133 mW 
Tris (pH 7.2) in a 1.5-ird Sarstedt tube fitted with O ring and a cap. After 
incubation for 15 hr at 55“, released products are extracted twice with 
500 pi each of chloroform/melbanol (9; l, v/y); add chlorofortn/mcthanol 
solution to the mixture, vortex vigorously, and centrifuge the tubes in a 
tabletop microcentrifuge at 11,000 gfor3 min. After centrifugation, collect 
the chloroform (lower) layer and add dehydrated sodium sulfate (50-100 
mg) to the chloroform solution. After vorLcxing, take an aliquot (SO pX) 
of chloroform extract, mix with 5 ml of scintillation liquid, and count the 
radioactivity to measure the amount of released product. 

Properties 

On treatment with Raney nickel, the 3 H-1aheled product can be recov¬ 
ered in 80-909/ yield from both 4-hydroxynonenal—iV-acetylcysteine and 
4-hydroxynonenal-glutathione adducts in a solvent (10% methanol/chlo- 
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roform)-extraciabIe form. 22 Before Raney nickel treatment, only 1 and 
25% of the radioactivity in the jV-acetylcysteine and glutathione adducts, 
respectively, were extracted by the solvent. It was considered that the 
small amount (25%) of solvent-extractable radioactivity present in the 
4-hydroxynonenal—glutathione derivative before Raney nickel treatment 
is due to the contamination of the adducL preparation with radiolabeled 
reduced forms of free 4-hydroxynonenal. 

When glyceraldehyde-3-phosphate dehydrogenase, which contains 
four sulfhydryl groups per subunit, was modified with 4-hydroxynonenal, 
3.2 of these’sulfliydry! groups are lost; however, 0.54 mol/mol of the 
labeled adduct was released in a solvent-extractable form on treatment 
with Raney nickel. Therefore, only 17% of the modified cysteine residues 
are present as simple 4-hydroxynonenal—ihiocther adducts. On HJPLC 
analysis, 3 H-labeled product released after treatment with Raney nickel 
was indistinguishable from the products obtained following Raney nickel 
treatment of the 4-hydroxyaoncnaI—.V-acetyleystetne and 4-hydroxy¬ 
nonenal—alutat hi one adducts.. Thus, the procedure using 3 H-labeling fol¬ 
lowed by Raney nickel treatment enables one to determine bona fide 
4-hydroxynonenal-protein thioether adducts and attests to the fact that 
the reaction of 4-bydroxynonenal with cysteine residues of proteins may 
lead to derivatives other than simple thioether adducts (see Discussion). 
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Quantitation of 4 MydroxynoOfJnal—Histidine and 

4-Hydrcocynojnenal—Lysine Adducts by High-Performance 
Liquid Chromatography 

The oxidation of low-density lipoprotein (LDL) is accompanied by a 
loss of histidine and lysine residues 3 *' 25 and conversion of LDL to a form 
that is taken up by macrophages, giving rise to foam cells which have 
been implicated in atherogenesis. 23 A role of 4-hydroxynonenal in LDL 
oxidation and its passible involvement in atherogenesis are underscored 
by the following observations: (l) 4-hydroxynonenal is formed during the 
oxidation of LDL, 12 and (2) treatment of unoxidized LDL with 
■4-hydroxynonenal leads to the modification of lysine and histidine resi¬ 
dues, 1311 ’ and to conversion of LDL to a form that is taken up by the 
scavenger receptor on macrophages. 26 The development of procedures 


24 L. G. Fong, $. Parthasarathy, J. L. Witztum, ami D. Steingberg, J. Lipid Res. 32, 
1466 (1987). 

15 D Steinberg, S. Farthasarathy, T. E. Carevj, j, C. Khoo, and J. L, Witztum, N. Engl. 
J. Med. 320, 915 C19B9), 

24 H. F. HefF, J. O'Neil. G. M. Chisolm III, T. B. Cole, O. Quehenbergcr, H. Fsterbaucr, 
and Cj. JiJrgCS, Arleruist.-ltifosLS {Pallas) 9, 538 (1989). 
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for Lhe detection and quantitation of the A-hydroxynooenal—lysine and 
histidine adducU in proteins is- therefore fundamental to assessment of 
the role such adducts have in the cytotoxicity of lipid peroxidation and 
atherogenesis. 

Sample. Preparations 

Af-Acetyi histidine and M-acetyllysine are used to prepare standard 
samples of 4-hydroxynonenal—histidine and 4-hydroxynonenaJ—lysine ad¬ 
ducts, respectively. Treat 50 mg of IV-acetylhistidine (or /V-acetyl lysine) 
with 5—30 m M 4-hydroxynonenaJ in 2 ml of 50 mAf sodium phosphate 
buffer (pH 7_2) for 20 hr at 37”. The products are isolated by reversed- 
phase HPLC, using a T5K-GEL ODS-SO TM column (0-46 X 25 cm) 
(Tosohaas, Philadelphia, PA) and a linear gradient of 0.05% trifluoroncetic 
acid in water (solvent A)-acetonitriIe (solvent B) (time = 0, 100% A; 20 
min, 0 % A), at a flow rate of 1 ml/min. Under these chromatographic 
conditions, 4-hydnpxynonenal adducts of At-acetylhistidine and 
iV-acetyllysine are eluted at 11,2 and 10,8 min, respectively, 
4-hydroxynonenal-mpdified proteins are prepared according to the proce¬ 
dures described above. 

Acid Hydrolysis of d-Hydroxynonenul’-Modified Samples 
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I Lipid Res. 32. 
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An aliquot (0.1 ml) containing 0.1 mg of 4-hydroxynonenal-modffied 
proteins or l-10 nmol of purified 4-hydroxynonenaJ—Af-acetylhistidine or 
4-hydroxynoncnaJ-A r -acetyllysine adduct is placed in a hydrolysis vial. 
Add 10 pi each of 10 mAl EDTA, 1 N NaOH, and 0.1 M NaBH*. then 
incubate for 1 hr at. 37". Add 30 pi of 1 N HC1 to terminate the reaction 
and concentrate in a vacuum centrifuge. Add 200 ft) of 6 N HC1 and flush 
che headspace with nitrogen for 60 sec, then cap using a screw cap fitted 
with a 12 mm Teflon/silicone liner with Lhe Teflon facing the HCL- Place 
the vial in a bench cop heater at 110* and incuba te for 20 hr. Then concen¬ 
trate the mixture in a vacuum centrifuge and redissolvc in die desired 
volume of 50 miVf sodium phosphate buffer (pH 8.0) containing 1 mJW 
EDTA. 

Amino Acid Analysis 
Reagents 

o-Phthaldialdchyde (OPA): Dissolve 3.09 g boric acid in 40 ml HFLC 
grade water and adjust the pH to 10.4 with KQH pellets. Dissolve 
134 mg OPA in 0.75 ml HPLC grade methanol in a Sarstedt type 
tube and then add to the borate. Add 0.21 ml 2-mercaptoethanol, 
water, and KQH to bring the pH back to (0.4 and the volume to 
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50 ml. Pipette into a 1.5-ldl Sarfttedt tube fitted with O ring and a 
cap and store at —20°. 

Brij 35: Make 10 ml by mixing 250 /ri of 2 M NaCI, 167 fd of 30% 
Bril 35, and water. Make this up freshly each day because the Brij 
is not stable. 

Derivatization. Pipette 10 pi a-phthalaldehyde onto tile bottom of a 
Sarstedi tube. Tilt the tube, place 10 p.\ of sample pn the side of the tube, 
mix with a vortex, and start the timer. At 0.25 min, add 180 pi Brij 35- 
At I min, inject 100 pi and start the gradient. 

Chromatographic Analysis. Reversed-phase HPLC is performed on a 
Hewlett-Packard Model 1090 chromatograph equipped with a Hewlett- 
Packard Mode! 1Q46A programmable fluorescence detector (excite at 340 
nm and follow emission at 450 run). The column we used to use is a 15 
cm C,„ column from Jones Chromatography (5 fitti size) (Jones Chromotog- 
raphy, 7,alee wood, CO). Control the column temperature at 30°. The flow 
rate is 2.0 ml/min. The following gradient program is used. AH gradients 
are linear (A, 100 mM NaCI: B, water; C, methanol). 

0.0 min A = 50.0%, B = 50.0% 

0.3 min A — 37.5%, B = 37.5%, C = 25.0% 

7.0 min A = 37.5%, B - 37.5%, C = 25.0% 


0.3 min A — 37.5%, B = 37.5%, C = 25.0% 

7.0 min A = 37.5%, B - 37.5%, C = 25.0% 

11,0 min A •= 30.0%, B = 30.0%, C = 40.0% 

12.0 min A = 25.0%, B « 25.0%., C = 50.0% 

16.0 min A = 22.5%, B = 22.5%, C = 55,0% 

lg.O min A = 12.5%, B *= 12.5%, C - 75.0% 

20.0 min A = 12.5%, B - 12.5%, C = 75.0% 

21.0 min A ■* 50.0%, B = 50.0% 

Properties 

Treatment of the 4-hydroxynonenal— histidine and 4-hydroxynoiienal— 
lysine adducts with NaBH., stabilizes the hisl.idyI-4-hydroxynonenal 
linkage. If the reduction step is omitted, acid hydrolysis of the 
4-hydroxyn.onenal adducts leads to quantitative release of die his tidy! and 
lysyl moieties as free amino acid- These observations are consistent with 
the Michael addition mechanism, provided that reversal or the addition 
reaction is catalyzed by strong acid. Thus, the reduction of the aldehyde 
moiety would preclude reversibility and, thereby, lead to formation of an 
acid-stable derivative. 

In the HPLC system used, o-phthaldialdehyde derivatives of the re¬ 
duced forms of the 4-hydroxynoncnal-histidinc and 4-hydroxyno- 
nenul-lysine adducts can be separated from all other normal amino acids. 
As shown in Fig, 2, the histidine derivatives appear as three separate 
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quantitating 4-hypROxynonenal protein adducts 



19.0 19.5 20.0 20.5 

Time (min) 

Fig, 2. Separation of 4-hydroxynoncnal adducts by HPLC, The enzyme (l mg/ml) was 
incubaied wiili z mM 4-Sydroxynonenai in 50 mAf sodium phosphate buffer (pH 7.2) for 
Z hr at 37°. After reduction with NaUHj reaction mixtures were hydrolyzed, and the amino 
acid composition was analyzed by HPLC following derivatizadou with OPA. Peaks A 
correspond to the 4dtydraxynoncnaJ— histidine adducts. Allow B indicates the 
4-hydroxynonenaJ-Iysine peak. The peaks marked Leu and Lyx correspond to the OPA 
derivatives of leucine and lysine, respectively. 



peaks (isomers?) which elute between leucine and lysine at 19.05, 19.4, 
and 19.7 min, whereas the lysine adduct elutes just after lysine at 20.2 
min. By integration of the areas under the peaks and comparison with the 
areas of anlino acid standards, the amounts of histidine and lysine 4- 
hydroxynonenaJ adducts nan be quantitated. 
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Discussion 

We (bund that the major product formed in the reaction of 4-hydruxy- 
nonenal with a-TV-acetylfysine or poly(L-lys.inc) is the Michael addition 
product, namely, a secondary amine produced by addition of the e-ami ne 
group of lysine to the double bond (C-3) of 4-hydroxynulienal, 13 For many 
of 4-hydroxytionenal-modified proteins tested (glyceraldohyde-phosphate 
dehydrogenase, insulin, boyine serum albumin, low-density lipoproteins), 
the number of 4-hydraxynonenal—histidine residues detected by these 
procedures was almost exactly equal to the number of histidine residues 
that disappeared. 

However, the number of lysine-hytlroxynooCD&I and cysteine- 
hydroxy nonenai adducts that can be deLected by HPLC assay of the 
n-phthaialdehyde derivatives and the Raney nickel treatment, respec- 
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[41] 


[41] 




tively, is often considerably lower than the number of these residues that 
disappeared on treatment with 4-hydroxyaonenal. For example, reaction 
of 4-hydroxynonenal with glyceraldehyde-3-phosphate dehydrogenase un¬ 
der the conditions described here led to the modification of 5 histidine, 
3.5 lysine, and 2.5 cysteine residues. 17 By means of the Raney nickel 
procedure, only 17% of the modified cysteine could be attributed io a 
simple Michael addition reaction, whereas 90 and 2%%, respectively, of 
the histidine and lysine residues were present as simple Michael addition 
products, as determined by HFLC of the e-phthalaldehyde derivatives of 
NaBH^-treated acid-hydrolyzed samples. It was proposed that the poor 
recovery of lysine and cysteine residues might be due to secondary reac¬ 
tions in which the aldehyde groups of some primary Michael addition 
products react with proximal lysine residues to form Schifl base cross¬ 
links, which would be stabilized by reduction with NaBH*.’ 7 This possibil¬ 
ity is supported by (1) the observation that the number of cysteine plus 
histidine residues that could not be accounted for as Michael addition 
products is equal to the number of lysine residues that could not be 
accounted for and (2) by the appearance of protein conjugates which 
sodium dodccyl sulfate (SDS) gel electrophoresis exhibited molecular 
weights about two limes that of the native subunit. 17 
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Introduction 


Essentially all of Ihe plasma sulfhydryl (SH) groups are protein associ¬ 
ated. 13 Albumin is the most abundant plasma protein (40-60 mg/ml) and 
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